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1 . INTRODUCTION 


The  Free  Flight  Rocket  Technology  Program  generated  a 
need  for  the  Free  Flight  Demonstration  Rocket  test  vehicle. 
This  vehicle  is  to  be  used  to  determine  the  success  of  past 
efforts  to  improve  free  rocket  accuracy.  It  will  also  be 
used  as  a data-gathering  test  bed  to  evaluate  future  im- 
provements. As  part  of  the  Free  Flight  Demonstration  Roc- 
ket design  validation,  a series  of  two  wind  tunnel  tests 
was  conducted  at  the  Arnold  Engineering  Development  Center 
to  verify  the  predicted  areodynamic  coefficients  of  the 
selected  configuration.  The  effect  of  an  underexpanded  jet 
plume  on  the  stability  of  the  Free  Flight  Demonstration 
Rocket  was  also  investigated.  These  results  will  be  pub- 
lished in  a later  report. 

2.  TEST  FACILITIES 


The  Aerodynamic  Wind  Tunnel  (4T)  is  a closed-loop,  con- 
tinuous-flow, variable-density  tunnel  in  which  the  Mach 
number  can  be  varied  from  0.1  to  1.3  and  can  be  set  at  dis- 
crete Mach  numbers  of  1.6  and  2.0  by  placing  nozzle  inserts 
over  the  permanent  sonic  nozzle.  At  all  Mach  numbers,  the 
stagnation  pressure  can  be  varied  from  300  to  3.700  psfa. 
The  test  section  is  4 ft  square  and  12.5  ft  long  with  per- 
forated, variable-porosity  (0.5-  to  10-percent  open)  walls. 
It  is  completely  enclosed  in  a plenum  chamber  from  which 
the  air  can  be  evacuated,  allowing  part  of  the  tunnel  air- 
flow to  be  removed  through  the  perforated  walls  of  the  test 
section.  A more  complete  description  of  the  tunnel  may  be 
found  in  the  Test  Facilities  Handbook.1 

B . TUNNEL  A 

Tunnel  A is  a continuous,  closed-circuit,  variable- 
density  wind  tunnel  with  an  automatically  driven  flexible- 
plate-type  nozzle  and  a 40-  by  40-in.  test  section.  The 
tunnel  can  be  operated  at  Mach  numbers  from  1.5  to  6 at 
maximum  stagnation  pressures  from  29  to  200  psia,  respec- 
tively, and  stagnation  temperatures  up  to  750°R  (M,.-  6). 
Minimum  operating  pressures  range  from  about  one-tenth  to 
one- twentieth  of  the  maximum  at  each  Mach  number.  The 
tunnel  is  equipped  with  a model  injection  system  which 

T~.  Test  Facilities  Handbook  (Tenth  Edition),  Arnold  _ 

Engineering  Developattnt  “Center,  Arnold  Air  Force 

Station,  Tennessee,  May  1974. 


allows  removal  of  the  model  from  the  test  section  while  the 
tunnel  remains  in  operation. 

Table  1 contains  a summary  of  the  nominal  test  con- 
ditions  for  both  wind  tunnels. 

TABLE  1.  NOMINAL  TEST  CONDITIONS 


. 4T 

",  Pt  Soo  Re  x 10-6 

0.40  1 ,600  161 

0.60  1,200  237 

0.80  1,200  353 

0.90  1,200  402 

0.95  1,200  424 

1.00  1,200  444 

1.05  1,200  461 

1.10  1,200  476 

1.25  1,200  507 

1.30  1,200  512 


B.  TUNNEL  A 


M 

OO 

PQ,psia 

T0,°R 

q^psia 

Po,psia 

Re  /ft  x 10-6 

OO 

1.76 

8.6 

560 

3.45 

1.591 

2.31 

EliU 

9.7 

560 

3.47 

1.240 

2.37 

2.26 

11.4 

560 

3.47 

0.971 

2.46 

2.50 

13.6 

570 

3.48 

0.796 

2.54 

20.2 

580 

3.44 

0.542 

2.81 

4.51 

70.9 

600 

3.44 

0.242 

4.33 

1.9 

2.0 

2.3 

2.4 

2.5 

2.5 

2.6 
2.6 
2.6 
2.6 


At  some  test  conditions,  particularly  at  sub-atmos- 
pheric stagnation  pressures,  the  air  humidity  level  affects 
the  test  section  Mach  number.  The  Tunnel  A sidewall  Mach 
number  probe  is  used  periodically  when  testing  at  these 
conditions  to  monitor  deviations  from  the  standard  calibra- 
tion Mach  numbers.  When  a deviation  is  measured,  the  free- 
stream  conditions  are  corrected  and  the  actual  Mach  number 
is  printed  on  the  data  tabulations. 


3.  MODEL 


The  Free  Flight  Demonstration  Rocket  model  is  a sting- 
mounted  body  of  revolution  with  a diameter  of  2.5  in.  It 
has  a three-caliber  tangent  ogive  nose  and  an  11.58-caliber 


afterbody  that  has  a stepdown  or  cutout  for  wraparound  fin 
attachment.  The  fins  are  rectangular  and  wraparound  with  a 
chord  of  0.6012  calibers  and  an  exposed  semi  span  of  0.6308 
calibers.  The  model  has  two  sets  of  finsr  one  for  the  ful- 
ly open  case  and  another  for  the  fully  closed  case.  A re- 
movable launch  ring  or  bore  rider  is  also  included.  It  can 
be  mounted  in  three  different  positions;  however,  it  was 
tested  only  in  the  aft  position.  Model  details  are  shown 
in  Figure  1.  A complete  model  description  is  contained  in 
TDK  14200  series  drawings.  Table  2 contains  a summary  of 
the  configurations  tested. 

TABLE  2.  FREE  FLIGHT  DEMONSTRATION  ROCKET  CONFIGURATIONS 


BRO  Body  Alone,  Ring  Off1 

BRA  Body  Alone,  Ring  in  Aft  Position1 

BFFRA  Body  Fins  Folded,  Ring  in  Aft  Position 
BFORA  Body  Fins  Open,  Ring  in  Aft  Position 
B3FORA  Body  3 Fins  Open,  Ring  in  Aft  Position* 

B2FORA  Body  2 Fins  Open,  Ring  in  Aft  Position3 

BFOR0  Body  Fins  Open,  Ring  Off 


NOTES 


1.  For  the  body  alone  cases,  all  of  the  fin  hardware 
including  the  pins  and  the  springs  was  removed. 


2. 


Left  fin  replaced  with  folded  fin  at  # * 0 when 
looking  forward  from  aft.  The  spring  was  not 
installed  on  the  folded  fin. 


3. 


Top  and  left  fins  replaced  with  folded  fins  at 
$ = 0 when  looking  forward  from  aft.  The  spring 
was  not  installed  on  the  folded  fin. 


4 . BALANCE 


All  force  and  moment  data  were  obtained  on  a six-com- 
ponent strain  gage  balance  fully  described  in  the  TDK  14100 
series  drawings.  Load  limits  for  the  balance  are  80  lb 
normal  force,  50  lb  axial  force,  40  lb  side  force,  160 
in. -lb  pitching  moment,  120  in. -lb  yawing  moment,  and  30 
in. -lb  rolling  moment. 


5 . DATA  REDUCTION 


The  reference  length  and  area  for  the  Free  Flight  Dem- 
onstration Rocket  model  are  the  diameter  and  the  cross- 
sectional  area,  respectively.  The  numerical  values  are  2.5 
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An  analysis  of  the  data  shows  no  unusual  trends.  Typi' 
cal  transonic  and  supersonic  data  are  shown  in  Figures  2 
and  3.  As  these  figures  show,  the  data  is  linear  through- 
out the  angle-of-attack  range,  and  especially  at  small  an- 
gles of  attack  where  free  rockets  fly.  The  configuration 
tested  provides  acceptable  stability. 


Since  the  actual  rocket  will  fly  with  a bore  ride  or 
launch  ring  attached,  its  effect  on  the  missile  must  be  de 
termined.  Figure  4 shows  the  normal  force  and  center  of 


. RESULTS  AND  DISCUSSION 


in.  and  4.91  in.  square.  The  pitching  moment  and  the  yaw- 
ing moment  are  referenced  to  the  model  nose.  In  addition 
to  the  basic  force  and  moment  data,  the  base  pressure, 
Pb/P^,  was  also  measured.  The  uncertainty  of  the  aero- 
dynamic coefficients  is  shown  in  Table  3 . 

In  addition  to  the  numerical  data  obtained  in  Tunnel  A, 
Schlieren  photographs  for  each  run  number  were  made  at  an- 
gles of  attack  of  1 deg  and  3 deg  for  all  configurations. 

TABLE  3.  UNCERTAINTY  OF  AERODYNAMIC  COEFFICIENTS 


AMoo  Aqoo>Psf  ACN  acY  acA  Acm  Acn  ACg 


0.40  +0 
0.60  +0 
0.80  +0 
0.90  +0 
1.00  +0 
1.10  +0 
1.25  +0 


.007  +5.45 
.006  +3.96 
.005  +3.27 
.004  +2.95 
.004  +2.60 
.004  +2.28 
.004  +1.90 


+0.05 
+0.04 
+ 0.02 
+0.02 
+0.02 
+0.02 
+0.02 


+0.02 

+0.01 

+0.01 

+0.01 

+0.01 

+0.01 

+0.01 


+0.04  +0. 
+0.02  +0. 
+0.02  +0, 
+0.01  +0. 
+0.01  +0, 
+0.01  +0. 
+0.01  +0, 


51  +0.18 
34  +0.12 
23  +0.08 
20  +0.07 
19  +0.06 
17  +0.06 
16  +0.06 


+0.006 

+0.004 

+0.002 

+0.002 

+0.002 

+0.002 

+0.002 


B.  TUNNEL  A 


Maximum  Coefficient  Uncertainty  (l) 


1.76  0.0104  0.1023  0.0091  0.0915  0.0037  0.0095  0.0156 

2.00  0.0114  0.1067  0.0092  0.0924  0.0039  0.0101  0.0150 

2.50  0.0113  0.1039  0.0090  0.0903  0.0038  0.0097  0.0114 

3.01  0.0145  0.1202  0.0093  0.0932  0.0041  0.0106  0.0122 


pressure  for  body  alone  with  and  without  the  bore  rider. 
Figure  5 shows  these  parameters  for  the  body  fin  con- 
figuration. As  can  be  seen,  the  effects  on  the  stability 
of  the  vehicle  caused  by  the  addition  of  the  launch  ring 
are  negligible.  As  one  might  expect,  the  overall  drag  of 
the  vehicle  is  increased.  This  is  shown  in  Figures  6 and  1_ 
for  the  body  alone  and  the  body  fin  cases. 

Since  the  Free  Flight  Demonstration  Rocket  uses  wrap- 
around fins  for  its  stability,  the  effect  of  the  curva- 
ture of  the  fins  must  be  evaluated.  Dahlke2  points  out 
the  following  characteristics  of  wraparound  fins: 

• There  is  an  induced  rolling  moment  at  zero 
angle  of  attack.  The  direction  of  the 
rolling  moment  varies  with  Mach  number. 

Additionally,  step-downs  on  the  afterbody 
show  an  additional  crossover  of  the 
induced  rolling  moment  at  supersonic  Mach 
numbers. 

f The  rolling  moment  variation  with  angle  of 
attack  is  small  for  angles  less  than  2 
deg.  Above  2 deg  the  rolling  moment  may 
deviate  significantly  from  the  zero  alpha 
case . 

• Cross  derivatives  (i.e.,  yawing  moment  due 
to  pitch,  etc.)  induced  by  the  wraparound 
fin  do  not  appear  to  be  significant  at 
Mach  numbers  below  2.5.  It  should  be 
noted  that  the  induced  rolling  moments  for 
the  Free  Flight  Demonstration  Rocket  are 
opposite  in  direction  to  those  in  Refer- 
ence 2 because  the  fins  are  curved  in 
opposite  directions. 

Figure  8 shows  the  rolling  moment  at  zero  angle  of  at- 
tack  plotted  against  Mach  number.  The  data  agree  with  the 
results  from  Dahlke.2  There  is  an  induced  rolling  moment 
that  is  measurable,  and  it  does  vary  with  Mach  number.  It 
also  has  the  crossover  point  in  the  supersonic  range. 


71  C.  W.  Dahlke,  The  Aerodynamic  Characteristics  of 

Wraparound  Fins  at  Mach  Numbers  of  0.3  to  3.0,  US  Army 
Missile  Command,  Redstone  Arsenal^  Alabama,  Report  No. 
RD- 77-4. 


Figures  9 and  10  are  plots  of  rolling  moment  versus  an- 
gle of  attack.  For  the  Free  Flight  Demonstration  Rocket 
the  rolling  moment  does  not  change  significantly  with  an- 
gles of  attack  above  2 deg  as  shown  by  Dahlke. 

In  earlier  wraparound  fin  studies,  it  was  shown  that 
there  is  some  variation  in  the  lateral  derivative,  Cy, 
with  angle  of  attack.  However,  Dahlke2  could  not  dupli- 
cate the  variation  in  side  force.  The  results  in  Figures 
11  and  12  for  the  transonic  and  supersonic  Mach  numbers 
show  that  there  is  no  variation  in  the  side  force  with  an- 
gle of  attack  for  the  Free  Flight  Demonstration  Rocket. 

This  supports  Dahlke 's  conclusion  that  the  cross  derivative 
produced  by  wraparound  fins  may  not  be  significant  below  a 
Mach  number  of  2.5. 

Since  the  purpose  of  the  wind  tunnel  tests  was  to  ver- 
ify the  predicted  coefficients,  a discussion  of  the  dif- 
ferences noted  is  in  order.  Figure  13  shows  the  actual  and 
predicted  values  of  the  normal  force  and  the  center  of 
pressure  for  the  body  alone  case,  while  Figure  14  shows 
these  coefficients  for  the  body  fin  combination.  The  aer- 
odynamic coefficients  were  predicted  by  considering  the 
WAF's  to  be  flat  fins  and  then  using  the  techniques 
described  in  three  Government  reports.^-5  The  data  show 
that  the  actual  normal  force  was  in  good  agreement  with 
that  predicted.  However,  the  center  of  pressure  did  not 
agree  well,  especially  at  subsonic  Mach  numbers  and  for  the 
body  alone  case.  The  natural  question  is  why  the 
difference. 


3.  A.  F.  Gafarian  and  W.  L.  Phillips,  The  Supersonic  Lift 
and  Centers  of  Pressure  of  Rectangular  and  Clipped 
Delta  Fins  in  Combination  With  Long  Cylindrical  Bodies. 
US  Naval  Ordnance  Test  Station,  China  Lake,  California, 
Report  No.  TM-966,  1963. 

4.  John  B.  McDevitt,  A Correlation  by  Means  of  Transonic 
Similarity  Rules  of  Experimentally  Determined 
Characteristics  of  a Series  of  Symmetrical  and  Cambered 
Wings  of  Rectangular  Plan  Form,  National  Advisory  Com- 
mittee tor  Aeronautics,  Washington , D.  C.,  NACA  Report 
1253,  1955. 

5.  William  C.  Pitts,  Jack  N.  Nielson,  and  George  E.  Kat- 
tari,  Lift  and  Center  of  Pressure  of  Wing-Bodv-Tail 
Combinations  at  Subsonic,  Transonic,  and  Sue  rsonlc 
Speeds,  National  Advisory  Committee  for  Aeronautics. 
Washington,  D.  C.,  NACA  Report  1307,  1959. 
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Since  the  actual  data  showed  less  stability  than  the 
predicted  data  and  since  the  aft  end  of  the  rocket  was  cut 
out  for  fin  attachment,  it  was  concluded  that  the  cutout 
might  have  much  the  same  destabilizing  effects  as' a boat- 
tail.  The  effects  of  a boattail  were  calculated  assuming  a 
boattail  of  the  same  length  and  diameter  ratio  as  the  body 
cutout  using  the  procedure  given  in  a US  Army  Missile  Com- 
mand report.6  The  results  are  shown  in  Figures  15  and 
16.  It  is  evident  that  a more  accurate  prediction  of  the 
aerodynamic  coefficients  can  be  made  by  considering  the  aft 
of  the  rocket  to  have  a boattail.  In  Figure  16  the  fins' 
folded  case  was  included  to  show  that  without  the  stepdown 
for  fin  attachment,  the  predictions  were  good. 

As  already  noted,  one  boattail  effect  is  destabilizing. 
However,  another  effect  is  a decrease  in  total  con- 
figuration drag  as  a result  of  decreased  base  pressure 
drag.  Figure  17  shows  that  the  drag  for  configuration  with 
the  cutout  for  fin  attachment  is  lower  than  the  con- 
figuration without  the  cutout. 

Data  was  taken  to  determine  the  effect  of  an  under- 
expanded jet  plume  on  the  stability  of  the  Free  Flight  De- 
monstration Rocket.  These  data  will  be  published  in  a 
forthcoming  data  report. 

Data  were  taken  as  a function  of  roll  angle  at  a Mach 
number  of  0.6  with  one  fin  and  two  fins  folded  to  simulate 
delayed  fin  opening.  These  data  are  presented  in  Figures 
18  through  AT_.  The  angles  of  attack  are  -1,  1,  and  5 deg. 

7.  CONCLUSIONS 

1.  The  configuration  selected  for  the  Free  Flight  De- 
monstration Rocket  provides  acceptable  aerodynamic 
stability  for  its  ballistic,  unpowered  flight 
phase. 

2.  The  data  contained  no  unusual  trends  and  was  linear 
throughout  the  angle-of-attack  range  of  interest. 

3.  The  launch  ring  has  little  effect  on  stability. 
However,  total  drag  is  slightly  increased. 
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6.  The  prediction  of  static  aerodynamic  coefficients 
for  bodies  with  stepdowns  for  wraparound  fin  at- 
tachment can  be  improved  by  considering  the  step- 
down  to  act  as  a boattail. 
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Figure  1.  Free  Flight  Demonstration  Rocket  model. 
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Figure  3 


Typical  supersonic  data 


Figure  5.  Ring  effects  on  stability 


Figure  6.  Ring  effects  on  drag  - body  alone 
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Figure  16.  Boattail  effects 
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Figure  19.  Alpha 
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Figure  30.  Alpha 
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Figure  31.  Alpha 
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Figure  33.  Alpha 
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Figure  40.  Alpha 
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Figure  42.  Alpha 
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